Neuronal networks consist of different types of neurons that all play their own role in order to maintain proper network function. The two main types of neurons segregate in excitatory and inhibitory neurons, which together regulate the flow of information through the network. It has been proposed that changes in the relative strength in these two opposing forces underlie the symptoms observed in psychiatric disorders, including autism and schizophrenia. Here, we review the role of alterations to the function of the inhibitory system as a cause of psychiatric disorders. First, we explore both patient and post-mortem evidence of inhibitory deficiency. We then discuss the function of different interneuron subtypes in the network and focus on the central role of a specific class of inhibitory neurons, parvalbumin-positive interneurons. Finally, we discuss genes known to be affected in different disorders and the effects that mutations in these genes have on the inhibitory system in cortex and hippocampus. We conclude that alterations to the inhibitory system are consistently identified in animal models of psychiatric disorders and, more specifically, that mutations affecting the function of parvalbumin-positive interneurons seem to play a central role in the symptoms observed in these disorders. 
Introduction
Psychiatric disorders, including autism, schizophrenia, bipolar disorder, attention deficit hyperactivity disorder (ADHD) and depression, affect millions of people and are a major socio-economic burden [1] [2] [3] . The identification of underlying genetic defects and risk factors is becoming increasingly efficient because of genomewide interrogation methodologies, yet owing to the complex multifactorial origin of most cases, a conclusive molecular diagnosis is made for only a minority of patients. Therefore, the underlying causes for these conditions are poorly understood, and often treatment is still based on symptomology [4] [5] [6] . In 2003, Rubenstein and Merzenich proposed autism spectrum disorders (ASDs) to be caused by an increase in the ratio between excitation and inhibition, called the E/I balance 7 . Since then, this hypothesis has been substantiated by a vast number of studies and also has been implicated in other psychiatric disorders such as schizophrenia 8 , consistent with their partially overlapping phenotypes 9 . Recently, the focus has shifted to changes to the inhibitory side of the E/I balance 10, 11 , in particular to one class of inhibitory neurons, parvalbumin (PV)-positive interneurons 12 . In this review, we focus on the role of the inhibitory system in psychiatric disorders and explore the changes to the inhibitory systems in different disorders. We then discuss the role and function of PV interneurons and highlight the changes to this specific class of interneurons in the various psychiatric disorders.
Evidence for inhibitory dysfunction in psychiatric disorders
Since Rubenstein and Merzenich postulated their hypothesis of a reduced E/I balance in ASDs, there has been an increasing amount of evidence for disrupted inhibitory control in psychiatric disorders. This evidence comes from post-mortem studies and studies of patient phenotypes.
Firstly, post-mortem studies on patient brains have revealed consistent changes to the inhibitory system in various disorders. Studies of autistic brains revealed reduced expression of the gamma-aminobutyric acid (GABA) synthesizing enzymes GAD65 and GAD67, as well as various GABA receptor subunits, in parietal cortex and cerebellum 13, 14 . In schizophrenia, reductions of interneuron markers have been found in the prefrontal cortex [15] [16] [17] [18] , a region strongly implicated in this condition 19 . Interestingly, in recent years, this reduction has been shown to be caused by a reduction of the expression of the interneuron markers rather than a reduction of the number of interneurons [20] [21] [22] , which indicates reduced activity of these neurons [23] [24] [25] . In addition, both increased and decreased numbers of specific interneuronal subtypes are reported in bipolar disorder 17, 26 , while a reduced inhibitory function is reported in depression 27, 28 and bipolar disorder 29 .
Secondly, patients with psychiatric disorders display phenotypes that are strongly correlated to impaired inhibition. Epilepsy is a common comorbidity with psychiatric disorders and has consistently been linked to impaired inhibitory function [30] [31] [32] [33] . In patients with autism, it is estimated that the prevalence of epilepsy comorbidity is around 25% 34, 35 . However, this is dependent on the type of autism, and the prevalence can be as high as 80% in Rett syndrome 36 , a monogenic form of autism caused by mutation in the MeCP2 gene 37 . It is currently unclear whether schizophrenia is a risk factor for epilepsy. A limited number of studies have been dedicated to this question, and contradicting results have been reported 38, 39 . However, patients with epilepsy show an increased risk of schizophrenia or schizophrenia-like psychosis 40 . Likewise, patients with epilepsy show an increased risk for ADHD 41, 42 .
Another recurrent phenotypic change is the altered power of gamma oscillations, as measured with electroencephalography or magnetoencephalography in humans, indicating changes in neuronal synchrony 43 . Gamma oscillations are important for integration of information in neuronal circuits and have been linked to various functions, including attention 44 and memory
45
. It was shown that PV-positive interneurons 46 , specifically PV-positive basket cells (see below), play an important role in these osciliations 43, 47, 48 . Changes in gamma oscillations are consistently found in patients with schizophrenia 49 , affecting different regions, including the prefrontal cortex 50, 51 . Interestingly, while a decrease in gamma power is linked to negative symptoms of this disorder, such as psychomotor poverty 52 , increased gamma power has been observed during positive symptoms, such as hallucinations 53 . In addition, computational studies suggest a central role for inhibitory synaptic scaling in maintaining a stable neuronal network 54 and found changes in inhibitory transmission to be sufficient to explain the changes in gamma oscillations in schizophrenia 55 . Together, altered inhibitory control is believed to lead to a change in the power of gamma oscillations, which play a central role in schizophrenia 56 .
Though studied mainly in schizophrenia, changes in gamma oscillations have been observed in other psychiatric disorders, including autism, ADHD and bipolar disorder [57] [58] [59] [60] [61] [62] [63] . For example, children with autism show a reduced gamma frequency modulation to a visual task 64 , whereas in ADHD, increased power and synchrony were observed [59] [60] [61] [62] . Together, post-mortem and patient studies point to an important role for altered inhibitory function in various psychiatric disorders and indicate a vital role for inhibition in the maintenance of the E/I balance in the healthy brain.
The central role of parvalbumin-positive interneurons in E/I balance
Cortical and hippocampal synaptic inhibition is mediated by inhibitory interneurons, most of which use GABA as their neurotransmitter. While interneurons make up around 20% of the total neuronal population, they are highly diverse 65, 66 . For example, different classes of interneurons are specialized to target the dendrites, soma or axon initial segment (AIS) of pyramidal neurons 65 . This large variety of cell types is believed to illustrate the distinct functions that these cells have in regulation of the network 67 . Cortical interneurons can be segregated in three non-overlapping groups by means of specific markers: PV, somatostatin (SOM) and the serotonin receptor 3a (5HT3aR), accounting for 40%, 30% and 30% of the total interneuron population, respectively 68 . PV interneurons are MGE-derived and are electrophysiologically identified by their fast-spiking phenotype. Although PV interneurons make up only a small part of the entire neuronal population 84, 85 , these interneurons are strongly implicated in psychiatric disorders and have been shown to play an important role in the regulations of the E/I balance 8, 10, 86 . PV interneurons are involved in gamma oscillations (see above), and various mutations in disease-linked genes affect PV interneuron function (discussed below) ( Table 1) . Different subtypes of PV interneurons are distinguished: basket cells, chandelier cells, bistratisfied cells, and, in hippocampus, oriens-alveus-lacunosum-moleculare cells 87, 88 form the largest of these groups, the first two of which are most widely studied. Here, we will discuss both types and focus on their respective roles in the network.
PV basket cells
Basket cells are the largest group of PV interneurons and specifically target the soma and proximal dendrite of pyramidal neurons 87 . The perisomatic location of these axon terminals allows PV basket cells to have a strong control over the excitability of pyramidal neurons. Among other cortical inputs, PV basket cells receive the same excitatory input as their pyramidal cell targets, wiring the basket cell into a feed-forward circuit: excitatory input will excite both the PV basket cell and the pyramidal neuron, followed by the PV basket cell inhibiting the pyramidal neuron. The delay between the excitatory and inhibitory input onto the pyramidal cell creates a coincidence detection window, in which excitatory input can summate to elicit an action potential in the pyramidal cell 89 . If inhibitory input arrives at the pyramidal cell before an action potential is evoked, the somatic targeted GABA action will prevent action potential initiation. So PV basket cells allow action potential initiation in pyramidal neurons only if the excitatory information is time-locked and of sufficient strength. and age 100 . The synapses are enriched for the GABAAα2 receptor subunit 101,102 and pre-synaptically express the high-affinity GABA transporter 1 (GAT1) 103 . The function of chandelier cells in the network remains largely unknown. However, chandelier cell activity has been shown to increase with increasing network activity 104 . In addition, the axon terminals of chandelier cells are specifically absent from the epileptic focus 105, 106 , and pharmacological induction of seizures leads to a loss of chandelier cells in rats 107 , suggesting a role in preventing excessive excitatory activity in the network for these interneurons 104 .
Since their discovery, there has been a debate about the actions of chandelier cells (reviewed by Wang and colleagues 98 ). Some studies using brain slice recordings showed a depolarizing 108 and even excitatory 109 action for these interneurons, whereas others report an inhibitory action 110 . However, chandelier cell membrane potential fluctuations resembling in vivo patterns appear strongly inhibitory 111 , and recordings in vivo also suggest an inhibitory role for these interneurons 112, 113 . Whereas patient studies of schizophrenia patients consistently identify both a reduction in the number or length of chandelier cell cartridges 114, 115 as well as the misregulation of proteins associated with chandelier cell synapses 12, [116] [117] [118] , mouse research on this interneuron class is hampered by the absence of a strategy to specifically target these interneurons. As a result, a limited number of studies focus on chandelier cells but instead report on PV interneurons in general, or PV basket cells, which provide a more accessible target of study because of their relative abundance (Figure 1 ). Nonetheless, chandelier cells are considered to play an important role in psychiatric disorders 11, 98, 119 , and the development of strategies to specifically target this interneuron subtype would be an important step towards understanding the role of these interneurons.
Targeting the perisomatic region (basket cells) or AIS (chandelier cells) gives these interneurons strong control over pyramidal cell excitability, and regulation of the synaptic strength of these interneurons is important for normal function of the network. For Together, these studies indicate that control of the E/I balance by PV interneurons is important for normal network function and that PV interneuron-mediated inhibition can be regulated upon alterations in the network state. Changes in PV interneuron-mediated inhibition would shift the E/I balance and lead to a disruption in network function. Indeed, various parameters affecting inhibitory function of PV cells are consistently found to be altered in psychiatric disorders. In the next section, we focus on studies on animal models of these conditions and discuss how different changes affecting PV cell activity lead to a shift of the E/I balance (Table 1) .
Altered PV interneuron activity is caused by changes to different subcellular aspects
Alterations to the inhibitory drive, affecting the E/I balance, can arise in different ways. Reduced excitatory input onto interneurons, reduced intrinsic excitability of interneurons, and a reduction in inhibitory synapse number or strength onto pyramidal cells all result in a shift of the E/I balance towards excitation. Indeed, patient and animal studies of psychiatric disorders consistently report changes affecting inhibitory function. A complicating factor in the interpretation of these results comes from the dynamic ability of neuronal networks to adapt to changes, known as homeostatic plasticity. Homeostatic plasticity is the ability of neurons to maintain their levels of excitability within a narrow range and is a constantly active feedback process . This means that genetic mutations affecting a specific neuronal property in a specific cell type can trigger homeostatic processes affecting other properties or cell types. In this way, mutations affecting both inhibitory or excitatory cells could ultimately affect inhibitory function 86 . It is therefore difficult to distinguish the direct effect of a gene related to a psychiatric disorder from the network adaptation it causes.
Nonetheless, changes to the function of PV interneurons, either direct or indirect, are consistently observed in psychiatric disorders affecting input, output and intrinsic properties, which all lead to an altered inhibitory action of these cells onto their targets (Figure 1 ).
Changes to the input onto PV interneurons
Excitatory inputs onto neurons drive their excitability. Depending on the brain region, PV interneurons receive various types of excitatory input 85 , and the amount of excitatory inputs onto PV interneurons is dynamically regulated by behaviour 23 . Changes in the amount of excitation onto PV interneurons, altering their activity, have been reported in mouse models of various psychiatric disorders.
The tyrosine kinase receptor ErbB4 has been identified as a risk gene for schizophrenia in genome-wide association studies (GWASs) 149, 150 . In the adult mouse, expression of ErbB4 is restricted to interneurons 128,151 and localizes to both the axon terminals 128, 152 and post-synaptic densities 128, 151 . Selective removal of ErbB4 from PV interneurons causes a reduction in excitatory synapses formed onto both PV basket cells and chandelier cells as well as a reduced number of PV synapses formed on pyramidal neurons 120, 121 . This reduced input and output connectivity of PV interneurons is indicative of a reduced inhibitory drive onto pyramidal neurons. As a result of this reduced inhibition of the pyramidal neurons, these neurons become more active, as was seen from the increased frequency of excitatory inputs to both pyramidal neurons and PV interneurons 120 . Consequently, recording of the local field potential in vivo revealed a hyperactive network and increased gamma oscillations
120
. Single-nucleotide polymorphisms in neuregulin 1 (NRG1), a ligand of ErbB4, have been implicated in schizophrenia 153 and bipolar disorder 154, 155 . Treatment of neuronal cultures with NRG1, activating ErbB4, leads to an increase in excitatory synapses formed onto interneurons 121 . Together, these data show that ErbB4 signalling plays an important role in the regulation of excitatory synapse number onto PV interneurons and that disruption of this system leads to a shift of the E/I balance towards excitation 120 .
Also, studies on animal models of ASD have reported postsynaptic changes on PV interneurons. Fragile X syndrome is caused by reduced or absent levels of the RNA-binding protein FMRP, leading to intellectual disability and, in about half of the affected males, ASD 156, 157 . While changes to long-term depression on excitatory cells have been the centre of attention for this condition 158 , changes to the inhibitory system have consistently been identified 159, 160 . Fmr1 knockout (KO) mice show a reduced expression of GABAA receptor subunits 161 as well as a reduction in the number of PV interneurons 162 . In addition, these mice show a marked reduction in local, but not thalamic, excitatory input onto fast-spiking interneurons in layer 4 of the somatosensory cortex, while both the connectivity of fast-spiking interneurons onto pyramidal neurons and excitatory inputs onto pyramidal neurons were unaltered 122 . Consistently, the resulting reduced inhibitory drive from fastspiking interneurons was accompanied by reduced synchrony of gamma oscillations 122 . These changes point towards an altered E/I balance towards excitation in fragile X syndrome 163 .
Mutations in another gene linked to autism, the transcriptional modulator methyl-CpG-binding protein 2 (MECP2), the causative gene for Rett syndrome 37 , show a similar phenotype. Selective removal of Mecp2 from PV cells leads to a specific reduction of local excitatory input, but not thalamocortical input, onto these cells in layer 4 of the visual cortex at post-natal day (P) 30
125 . In addition, experimentally evoked PV interneuron input onto pyramidal cells was unaltered 125 . Calcium imaging revealed that these synaptic changes lead to a reduced visually evoked, but not spontaneous, activity of PV interneurons
125
. Paired recordings at P15 revealed an increased inhibition from PV interneurons through an earlier maturation in Mecp2 KO mice 164 , and this earlier maturation might influence network development through interference with the normal critical period 164, 165 , leading to the changes observed at later ages. This notion is consistent with the recent idea that developmental changes might play an important role in the development of psychiatric symptoms later in life 166 . The exact contribution of PV interneurons to the phenotypes observed in Rett syndrome is still unclear. While a general interneuron removal of Mecp2 does recapitulate most Rett syndrome phenotypes 167 , studies removing Mecp2 specifically from PV interneurons have been able to replicate only some of these phenotypes 168 or none at all 125 . Of note, selective removal of Mecp2 from SOM interneurons also recapitulates part of the Rett syndrome phenotypes 168 , and selective removal of Mecp2 from either PV interneurons or SOM interneurons has been reported to cause circuit-wide deficits in information processing 169 . From these studies, a picture is emerging in which excitatory inputs onto PV interneurons are found to be altered in different psychiatric disorders, leading to a reduced activity of these neurons and thereby tilting the E/I balance towards excitation.
Changes to the intrinsic properties of PV interneurons
The intrinsic properties of neurons are important in translating input into output. Altering these properties allows the neurons to regulate their excitability 170, 171 , through which they play an important role in the maintenance of the E/I balance 143 . Whereas some of these changes might be causative to psychiatric disorders, others are believed to be compensatory. For example, selective deletion of Mecp2 from PV interneurons leads to an increased membrane potential, as well as a hyperpolarized action potential threshold in these cells at P30
125
, but only a slight hyperpolarization of the membrane potential at P15
164
. These changes increase the cell's excitability and are most likely compensatory for the reduced excitatory synaptic input described above 125 but could still act towards deficits in information processing observed in these animals 169 .
Family-based association data have identified dysbindin (DTNBP1) as a susceptibility gene for schizophrenia 172 , whose dominant circuit impact is impaired inhibition 173 . Dysbindin KO mice show a reduced number of PV interneurons in hippocampal CA1 173, 174 , and transcriptome changes of various proteins involved the regulation of intrinsic properties 174 . Recordings from PV interneurons in dysbindin KO mice show a reduction in action potential frequency resulting in a reduced inhibitory drive 126 . Interestingly, dopamine D2-receptor expression is increased in these mice, and application of the D2-receptor antagonist quinpirole increases PV interneuron action potential frequency more in dysbindin KO mice than in wild-type mice, suggesting that the changes in action potential frequency are compensatory 126 .
Intrinsic changes can also be the primary cause of psychiatric disorders. Single-gene mutations in SCN1A, encoding the sodium channel Na V 1.1α subunit, give rise to Dravet syndrome, a rare genetic epileptic encephalopathy. Patients with Dravet syndrome suffer from epilepsy and have an increased risk for autism 175, 176 . , and deficits in the myelination of PV interneurons are proposed to disrupt inhibitory network function 182 . However, this appealing hypothesis remains to be experimentally tested.
Changes to synapses formed by PV interneurons
Changes to PV synapses are abundantly studied and identified in various conditions. Post-mortem studies of schizophrenia patients consistently identify changes to the cartridges formed by chandelier cells, showing a decrease in pre-synaptic GAT1 expression 116, 117 and an increase in the expression of post-synaptic GABAAα2 118 . These changes would lead to an increased inhibitory drive from chandelier cells and are believed to be compensatory for a reduced activity of these cells, as indicated by reduced levels of GAD67 in PV cells 190 . In addition, a recent study shows a reduction in the density of a specific type a cartridges, calbindin-positive cartridges, in schizophrenia 114 .
Besides changes in the input to PV interneurons, mutations in Erbb4 also lead to a reduction in synapses formed by PV interneurons on pyramidal neurons, specifically from chandelier cells 120, 128 . In addition, overexpression of Nrg1, the ligand for ErbB4, in pyramidal neurons increases bouton density on both the AIS and the soma of pyramidal neurons. The increase in bouton density on the AIS originates from chandelier cells since only these cells target the AIS. The origin of the increase in perisomatic bouton density is not clear since a recent report has shown that synapses formed by cholecystokinin (CCK) basket cells require ErbB4 function to form perisomatic synapses 191 . Future research should unveil whether the increase in perisomatic boutons density arises from PV or CCK basket cells.
Tuberous sclerosis is a disorder whose symptoms include epilepsy and autism 192 . Loss-of-function mutations in the mammalian target of rapamycin (mTOR)-negative regulators TSC1 or TSC2 underlie this condition 193 . Slice recordings from TSC1 KO neurons revealed a reduced inhibitory drive onto CA1 pyramidal neurons, while excitatory input was unaltered 129 . TSC1 KO neurons were created by sparsely targeting neurons in a conditional TSC1 KO mouse with a cre-expressing adeno-associated virus 129 . The finding that sparse KO of TSC1 leads to a similar phenotype as in neurons from full KO animals indicates that these results are cellautonomous rather than compensatory 129 .
Angelman syndrome, caused by loss-of-function mutations or deletion of E3 ubiquitin ligase UBE3A 194 , is characterized by epilepsy and autism 195, 196 . Mouse models for Angelman syndrome recapitulate human phenotypes 197 and initially were found to show a reduced excitatory drive onto pyramidal neurons 198 . However, inhibitory input was also found to be decreased, caused by defects in synaptic vesicle cycling 130 . It was hypothesized that the reduced inhibition could outweigh the reduced excitation, leading to the epilepsy and autism phenotypes obeserved 130, 199 . Consistent with this idea, a recent study using in vivo whole cell recordings shows that pyramidal neurons in Ube3a KO mice display decreased orientation selectivity 200 , indicative of reduced inhibition 201, 202 . However, these mice also show increased excitability of pyramidal neurons, which is non-cell-autonomous, suggesting that pyramidal neurons homeostatically increase their excitability because of a relative decrease of excitation 200 . While it is unclear whether reduced inhibition or reduced excitation has a stronger impact on pyramidal neurons in Angelman syndrome, the change in their relative contribution, resulting in an altered E/I balance, seems to play a pivotal role in this condition.
Single SHANK3 mutations, at the level of point mutations or microdeletions, have been identified in patients with ASD 203 . In the human genome, there are three SHANK genes (SHANK1-3), which all code for scaffold proteins located at the postsynaptic density of excitatory synapses, of which SHANK3 is best studied [204] [205] [206] [230] [231] [232] , is exclusively expressed in inhibitory neurons 133 . Cdh13 KO mice show an increase in inhibitory synaptic contacts onto CA1 pyramidal neurons, while excitatory inputs remained unaltered 133 . This increase in inhibitory synaptic contacts could underlie the increase in gamma oscillations observed in ADHD patients discussed before [59] [60] [61] [62] . and patients with major depression 241 as well as animal models for schizophrenia [242] [243] [244] . However, more research is required to identify the exact role for GABA B receptors in psychiatric disorders.
In summary, changes to the inhibitory drive of PV interneurons can be caused by changes affecting the input, output or intrinsic properties of PV interneurons, and animal models of various psychiatric disorders all show alterations to one or more of these aspects, tilting the E/I balance.
Conclusions
Psychiatric disorders are a diverse group of disorders, but changes to the inhibitory system seem to be a point of convergence. Impairment of normal inhibitory function can arise from input to, output from, or intrinsic properties of inhibitory neurons. Altered inhibitory activity or drive leads to changes in signal processing, which in turn is believed to underlie the phenotypic changes observed in the various psychiatric disorders. PV-positive interneurons play a pivotal role in these conditions, possibly through their strong inhibitory effect on pyramidal cell activity due to the axonal or perisomatic targeting of their axons in combination with the nature of their functions in the network.
Changes to either excitation or inhibition will change the ratio between these two types of input, leading to a change in the E/I balance. The examples described above indicate that various psychiatric disorders occur following changes to the input, output or intrinsic properties of specific interneurons, PV interneurons, leading to an altered activity of these neurons. It seems from the studies discussed that specific changes in the E/I balance lead to a disruption of specific function(s) in the network that affect signal processing in a specific way to result in a specific psychiatric phenotype. This might explain why different disorders present different phenotypes, in both patients and animal studies. For example, changes in chandelier cell cartridges seem to be more prominent in schizophrenia. However, other factors are likely to contribute to the development of a specific disorder. Apart from the affected PV cell type, the direction of the altered activity (increased/decreased E/I balance) might be an important factor. Another interesting aspect might be the changes in interneuron-interneuron connectivity, which could lead to altered signal integration and network activity. Some genes have been associated with multiple psychiatric disorders, indicating that a mutation does not in all cases lead to a specific condition. Individual difference in compensatory plasticity could subtly affect network development, steering the developing network towards a specific disorder. It should be noted that while homeostatic changes might compensate a specific alteration, this compensation might disrupt other pathways.
While the above-mentioned factors potentially all play a role in the development of specific psychiatric disorders, more research is needed to identify how specific alterations to PV interneurons affect network processing and behaviour.
The notion that psychiatric disorders are caused by changes to the inhibitory drive from PV interneurons means that a restoration of this drive could improve patient symptoms. An interesting possibility of counteracting the changes to the inhibitory system would be to make use of the neuron's ability for homeostatic plasticity 170 . Homeostatic mechanisms function to keep neurons in an optimal range of activity 245 . Understanding which genetic and molecular mechanisms underlie these homeostatic processes opens the possibility to 'hijack' these pathways and manipulate the neuron's activity in a way to compensate for the altered inhibitory drive. In this way, it might be possible to selectively up-or downregulate the activity levels of specific interneuron populations and thereby ameliorate the symptoms observed in patients with the various disorders.
While psychiatric disorders are still far from being fully understood, the study of the role of the inhibitory system in these conditions might further increase our understanding of both the diseased and the healthy brain and hopefully could lead to treatment or alleviation of the symptoms for those suffering from these conditions.
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